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Combined action of weak and strong pinning centers on the vortex lattice complicates mag-
netic behavior of a superconductor since temperature and magnetic field differently affect weak and
strong pinning. In this paper we show that contributions of weak and strong pinning into magne-
tization of the layered superconductor YBa2Cu3O7−δ can be separated and analyzed individually.
We performed a careful analysis of temperature behavior of the relaxed superconducting current
J in YBa2Cu3O7−δ films which revealed two components of the current J = J1 + J2. A simple
method of separation of the components and their temperature dependence in low magnetic fields
are discussed. We found that J1 is produced by weak collective pinning on the oxygen vacancies in
CuO2 planes while J2 is caused by strong pinning on the Y2O3 precipitates. J1 component weakly
changes with field and quasi-exponentially decays with temperature, disappearing at T ' 30–40 K.
Rapid relaxation of J1 causes formation of the normalized relaxation rate peak at T ' 20 K. J2
component is suppressed by field as J2 ∝ B−0.54 and decays with temperature following to the
power law J2 ∝ (1− T/Tdp)α where Tdp is the depinning temperature. Detailed comparison of the
experimental data with pinning theories is presented.
PACS numbers: 74.25.Wx, 74.25.Sv, 74.72.-h, 74.78.-w
I. INTRODUCTION
Pinning of vortices on defects in type-II superconduc-
tors leads to formation of a critical state and appearance
of the critical current Jc.
1–4 Thermal fluctuations reduce
the pinning strength and activate jumps of vortices be-
tween pinning centers (defects).3–6 High temperature su-
perconductors (HTSC) have a small activation energy
and a high probability of thermal activation of vortices
motion which leads to a giant magnetic flux creep and
decay of the superconducting current over time.3,4,7 As a
result the measured current J becomes lower than Jc.
7
For HTSC materials the maximal currents are achieved
in a highly textured YBa2Cu3O7−δ films. 2G-tapes with
a metal base and the superconducting YBa2Cu3O7−δ
layer were developed for high-current applications.8,9
Great work was done on studying and optimization of
the defects landscape in 2G-tapes to obtain high currents
in external magnetic fields and at high temperatures, see
Ref. 10 for review. As a result, several manufactures pro-
duce now long-length tapes with J of several MA/cm2
at liquid nitrogen temperature.9 Nevertheless the task
of improving performance of the tapes by combinations
of artificial and natural pinning centers11 is still actual.
Investigations of pinning on natural defects in standard
YBa2Cu3O7−δ films play a major role in that work.
There is a large variety of defects in YBa2Cu3O7−δ
films such as vacancies, substituting or extra atoms, dis-
locations, non-superconducting inclusions and so on.10
The latter two act as strong pinning centers. The
dislocations12–14 are induced close to the substrate-film
interface and develop up to the film surface.13 The
nano-sized Y2O3 precipitations
11,15–21 are spontaneously
formed during deposition of YBa2Cu3O7−δ films. It was
shown that increase of the inclusion density rises the su-
perconducting current16 while increase of the dislocation
density reduces suppression of the current by magnetic
field H.12,13
Point defects, mainly oxygen vacancies in supercon-
ducting CuO2 planes, act as weak pinning centers. Weak
pinning affects magnetic behavior of YBa2Cu3O7−δ films
at temperatures below 30–40 K. For example, the ex-
ponential dependence J ∝ exp(−T/T0) was observed
in the range T < 60 K9,22–26 while at high tempera-
tures the current decay follows a power law J ∝ [1 −
(T/Tc)
n]α.20,21,27–30. Here α = 1.2–2, n = 1 (Refs. 27–
30) or 2 (Refs. 20 and 21) and T0 ' 17–32 K.9,22–26
The magnetic flux creep also changes at low temper-
atures. A peak of the normalized relaxation rate of the
current S = |d ln J/d ln t| was observed in YBa2Cu3O7−δ
films at T ' 20 K11,31,32 and the quantum creep
was found below 1 K.7,33–36 The quantum creep and a
crossover to two-dimensional superconducting behavior
observed at T < 80 K37 revealed an importance of lay-
ered structure for superconductivity in YBa2Cu3O7−δ.
The analysis of the critical state in HTSC is compli-
cated by presence of weak and strong pinning and the
layered structure of HTSC materials. If pinning is weak,
the elastic forces of the vortex lattice dominates over the
pinning forces.2–4,38 In this case the concerted action of
many weak pins on the elastic vortex lattice is described
by the collective pinning theory (CP theory).3 The col-
lective pinning depends only slightly on parameters of
individual pinning centers therefore CP theory is easy
to generalize. If pinning is strong, defects acts individ-
ually and introduce plastic deformations in the vortex
system.2,3,38 In this case pinning depends on parameters
of the defects so many various models were developed for
different kinds of defects.3,5,6,14,27,39,40
Strong pinning in a layered superconductor, which con-
tains point defects in the superconducting planes and
three-dimensional defects in the bulk, was analyzed by
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2Ovchinnikov and Ivlev39 (OI theory). They found that
the critical current Jc of such superconductor consists
of two components produced by in-plane and in-volume
pinning. Further developing the OI theory, van der Beek
et al. considered in-volume pinning and calculated the
dependence of Jc on film thickness d and temperature.
19
The dependence J(d) for thin YBa2Cu3O7−δ films was
successfully described19,20 in the frame of extended OI
theory19 by pinning on Y2O3 inclusions. At the same
time the extended theory agree with experimental data
on J(T ) and H∗(T ) only for T > 30 K19,20 since the in-
plane pinning was completely ignored by van der Beek et
al. Here H∗ is the crossover field above which J becomes
field dependent.
There exists the model describing strong pinning on
edge dislocations at low-angle boundaries of crystallites
in YBa2Cu3O7−δ films (EDP model).14,28,41 For some
samples this model approximates well the field depen-
dence of the current in a wide range of fields.14,41,42 At
the same time the EDP model is not universal for all
YBa2Cu3O7−δ films, some conditions are necessary for
its correct application.42 Restriction of the EDP model
may be caused by neglecting of weak pinning which may
influence J(H) behavior at low temperatures. J(T ) be-
havior that follows from the EDP model haven’t been
tested yet.
To clarify the role of weak and strong pinning we per-
formed a careful analysis of temperature behavior of the
relaxed superconducting current in different magnetic
fields in YBa2Cu3O7−δ films. The analysis allowed us to
separate and describe the current components produced
by weak and strong pinning.
The paper is organized as follows. Samples and details
of J(T ) measurements are discussed in Sec. II. Experi-
mental results are presented in Sec. III. At first we show
that J(T ) behavior observed in our experiments is com-
mon for YBa2Cu3O7−δ films. Then analyzing experimen-
tal data we separate currents produced by in-plane and
in-volume pinning. The separated current components
are analyzed in Sec. IV We discuss a relationship between
low-temperature peak of the relaxation rate and compo-
nent of the current produced by weak pinning. Then we
show that this component is caused by single-vortex col-
lective pinning in Cu-O2 planes and try to describe it
in the frame of CP theory. At the end we consider the
component produced by strong pinning and show that is
well described by OI theory extended for strong pinning
on Y2O3 inclusions. Our conclusions are presented in
Sec. V. The critical current following from OI theory for
magnetic field applied along a normal to the supercon-
ducting planes is calculated in Appendix.
II. EXPERIMENTAL DETAILS
Thin epitaxial films of YBa2Cu3O7−δ were prepared
by pulsed laser deposition technique using KrF excimer
laser. Disk-shaped single crystal plates of SrTiO3 (100)
were used as substrates. The deposition took place at
substrate temperature about 750◦ C, the oxidizer pres-
sure (N2O or O2) varied from 400 to 800 mtorr in dif-
ferent experiments. The velocity filter was used to se-
lect the fine part of the ablation plume (atoms and clus-
ters of small size) and obtain better quality of the film
surface.43,44
The film structure was analyzed by XRD at D8 Dis-
cover diffractometer (Bruker) using Cu-Kα radiation.
The study confirmed that films were epitaxial and c-
oriented. No additional phase was detected. The peaks
(002), (005) and (007) were used to determine the c
lattice parameter and estimate the values of coherent
scattering regions and microdeformation. The c lattice
parameter was in the range 11.70–11.73 A˚, the rocking
curve widths ω of the (005) Bragg peak for best sam-
ples was less than 0.2 degree. The oxygen content var-
ied depending on oxidation condition and brought about
the variation of c-parameter. As follows from the val-
ues of the structure parameters presented in Table I, the
films had high-quality crystalline structure with small mi-
crodeformation and disorientation.
The critical temperatures of the superconducting tran-
sition Tc = 90–91 K were obtained in resistivity mea-
surements performed on witness-samples made in the
same deposition process. The samples demonstrated
sharp transitions with width of about 1 K. SQUID-
magnetometry and study of the magnetic susceptibility
in an alternating magnetic field were used to measure
temperature of the magnetic transition TMc . Obtained
Tc and T
M
c values are presented in the Table I.
Measurements of a persistent current induced in
YBa2Cu3O7−δ film under change of magnetic field were
performed using home-built SQUID magnetometer.45,46
During the measurements a sample was placed inside a
copper tube isolated from the LHe bath by a vacuum
jacket. Temperature of the sample varied in the range
from 4.21 to 300 K via heating of the tube filled with
exchange-helium gas. Magnetic field was produced by a
NbTi tube enclosed in NbTi solenoid. To apply a field
the solenoid was supplied by current and the tube was
warmed above Tc by a short heat pulse. After freezing of
the field in the tube the current was withdrawn out the
solenoid to minimize noises. Magnetic field up to 2100 Oe
can be frozen in the tube of 0.3 mm wall thickness. High
fields were applied step by step to prevent overheating
of the superconducting films by the current induced un-
der the abrupt change of the external magnetic field.47
At each step the field increment twice exceeded the char-
acteristic field for flux penetration into the film4,48,49 to
make sure that the induced current is high enough to cre-
ate the critical state throughout the sample. When mea-
surements were performed in zero applied field, a high
field was applied at first and the sample was maintained
several minutes in this field. Then the field was decreased
step by step and at last step the solenoid was warmed
together with the tube to remove a magnetic flux frozen
in its wire. Due to strong demagnetization effect a self
3TABLE I. Parameters of the YBa2Cu3O7−δ thin film samples.a
# D d c FWHM ω CDB εmicro Tc T
M
c Tdp J J1 J2 Di nid
9/4
iz Diz ni n
∗
i rd 〈L〉
mm nm A˚ degree nm % K K K 106 A/cm2 nm 1016cm−3 nm 1015cm−3 A˚ nm
Y1 2.1 550 11.707 0.096 0.112 969 0.11 90 88 84 13.2 8.0 5.9 5± 1 2.4± 0.4 3.9 4 2 4.6 284
Y2 1.8 300 11.697 0.129 0.198 206 0.10 90 89 88 10.4 3.8 7.2 14± 2 0.7± 0.2 1.8 7 0.4 4.3 37
Y3 1.8 280 11.713 0.299 0.601 96 0.23 90.5 89.5 82 9.1 1.2 8.3 14± 2 1.1± 0.3 1.8 11 0.7 5.3 46
Y4 2.0 380 11.725 0.277 0.729 150 0.26 91 89 75 12.8 8.3 5.2 1.8± 1 80± 40 14 7 790 4.6 —
a The (002), (005) and (007) Bragg peaks were used to obtain the lattice parameter c, size of the coherent scattering regions (CDB) and
the microdeformation εmicro.
The full width on half maximum (FWHM) and the rocking curve width ω were measured for the (005) Bragg peak.
Tdp and J was measured in field H = 910 Oe for samples Y1–Y3 and 1530 Oe for sample Y4.
J was taken at T = 4.21 K. J1 and J2 are presented for zero temperature.
Diz , ni and n
∗
i were calculated for Di and nid
9/4
iz = ni(Diz/ξ0)
9/4 obtained via fit of experimental curves.
〈L〉 was calculated for B = 910 G.
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FIG. 1. (Color online) Relaxation curves of remanent moment
measured for sample Y1 at low and high temperatures. The
moment decays by about 5% and 14% in time-window of the
relaxation measurements.
demagnetizing field is produced by current flowing in a
superconducting film when field is applied perpendicu-
lar to the film plane.50–52 In the critical state this self
field exists even after complete removal of external field.
The measurements were performed for applied fields of
910 and 1530 Oe and in self-field after removing field of
2090 Oe. These fields were enough to form the homoge-
neous critical state in samples at all temperatures.
A method of SQUID magnetometry with motionless
sample46,53–56 was used in our experiments. The mea-
surements were performed as follows. The film locked in
one of pick-up coils of a superconducting flux transformer
was warmed above Tc and cooled in zero field to a de-
sired temperature (ZFC procedure). After that a mag-
netic field was applied perpendicular to the film plane
and a signal caused by change of film magnetic moment
with time δM(t) due to relaxation was measured for one
hour. Then magnetometer indications were reset and the
sample was warmed above Tc in order to record its resid-
ual moment M∗. Combining M∗ with data on δM(t) we
precisely obtained the time dependence of the magnetic
moment M(t).52,57 Examples of M(t) curves obtained at
low and high temperatures are shown in Figure 1. As
seen, the noise of the curves is considerably lower than
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FIG. 2. (Color online) Top: Temperature dependences of re-
manent moment measured for sample Y2 after relaxation for
1 hour. Amplitude of the residual moment M∗ obtained for
T = 24.8 K is shown by arrow. Bottom: J(T ) dependences
obtained from the relaxed moments M∗ (triangles) and mea-
sured under warming of films during temperature sweep (con-
tinuous curves).
the change of the moment due to relaxation.
Preliminary results of the relaxation experiments were
published elsewhere.52,57,58 In the present work we ana-
lyze the current obtained from the M∗(T ) dependences
so let us consider this issue in detail.
The sample was heated at the rate of 5 K/min up to
T = 95 K during warming and a signal produced by
the magnetometer background and the film moment was
recorded in steps of 0.1 K. The background signal mea-
sured without sample was subtracted from the total one
to separate the signal produced by the film only. Inac-
curacy of obtaining the film magnetic moment M due to
the subtraction did not exceed 0.5% at T ' 80 K and was
considerably smaller at low temperatures. M(T ) depen-
4dences obtained in such a manner are shown in top Fig. 2.
M(T ) curves begin with a plateau caused by preceding
relaxation of the moment. M values at the plateaus are
equal to the residual moments M∗(T ).
In bottom Fig. 2 we also presented temperature de-
pendences of the current density calculated as4,48,49 J =
24Mc/(piD3d) where c is the light velocity, D and d are
the film’s diameter and thickness. Two types of J(T )
curves are shown for comparison. The first type, ob-
tained from the M∗(T ) values, corresponds to a long-
time relaxed current. The second one, recorded under
film warming immediately after magnetic field removal,
presents a short-time relaxed current. As seen in the
bottom Fig. 2, shapes of the short- and long-time re-
laxed curves slightly differ each other. At some tem-
peratures the long-time relaxed current for sample Y1
is greater than the short-time relaxed one while it obvi-
ously should be smaller. This artifact is caused by fast
temperature sweep during M(T ) recording.59 Since tem-
perature measurement error can affect the J(T ) depen-
dences recorded under film warming they are presented
below mainly as illustrations. At the same time the J(T )
curves obtained from the residual moments correspond to
equilibrium temperatures at which the sample was kept
more than hour. These temperatures were stabilized and
measured with accuracy better than 0.05 K
III. RESULTS
We start from comparison of measured J(T ) depen-
dences with published data to clarify which features
of J(T ) behavior are common for YBa2Cu3O7−δ films.
However the current J itself should be elucidated first.
The critical current Jc determined by pinning theories
cannot be measured directly because of huge Joule heat
dissipated in YBa2Cu3O7−δ films.60 Therefore either a
current JT measured in transport experiments or a cur-
rent induced by applied magnetic field are used to char-
acterize the superconducting current. JT is maintained
during measurement by a current source so it does not
relax. On the contrary the persistent current J is affected
by creep, therefore it is lower than JT .
61 Moreover, de-
pendences of J and JT on T and H can differ especially
at high temperatures and fields. Therefore only data on
the persistent current measured in self-field9,20–30,62 were
chosen for verification.63
Representative J(T ) curves measured for our samples
are shown in Fig. 3 in different scales to display J behav-
ior in different temperature ranges. To illustrate a field
influence, the curves obtained in self and external field of
910 Oe are shown for sample Y1.
A power law Jc ∝ (1 − T/Tc)α is expected for pin-
ning of vortices on boundaries between crystallites in the
films.27,40 Three temperature ranges with different α val-
ues were found for YBa2Cu3O7−δ films.27–30 The powers
α ' 1.2–2, 0.9–1.2 and 1.4–2.5 were obtained respectively
at high27,28 T & 77 K, elevated29,30 36 K . T . 72 K
and lower29,30 12 K . T . 35 K temperatures. As shown
in Fig. 3(a), our results well agree with the published
data. Fitting curves for sample Y2 demonstrate good
approximation by the power law with α = 1.55, 1.2 and
2.2 in the above mentioned ranges. Relaxation slightly
affects J(T ) at low and elevated temperatures and in-
creases the power at high T . External field smoothes
J(T ) and rises the powers in all ranges. Summing up we
conclude that our results are consistent with published
data.
Since pinning parameters depend on the pen-
etration depth λ(T ) = λ0/
√
1− (T/Tc)4 =
λ0/
√
τ+τ− and the coherence length ξ(T ) =
ξ0
√
(1 + (T/Tc)2)/(1− (T/Tc)2) = ξ0
√
τ+/τ− of
the superconductor3 one can assume that their tem-
perature change determine J(T ) behavior. Here we
denoted τ+ = 1 + (T/Tc)
2, τ− = 1 − (T/Tc)2 and
λ0 = λ(0), ξ0 = ξ(0). In the frame of CP model
3
Griessen et al. obtained that Jc ∝ τ7/6− τ5/6+ for δTc
pinning and Jc ∝ τ5/2− τ−1/2+ for δ` pinning.65,66 Similar
expressions were calculated by Klaassen et al. for strong
pinning on inclusions of large, Jc ∝ τ3/2− τ1/2+ , and small,
Jc ∝ τ5/2− τ−1/2+ , size.64
The dependence J ∝ τα− with α = 1.2–1.4 in self-
field at T & 50 K was observed experimentally in
YBa2Cu3O7−δ films.20 In field of 100 Oe for T & 40 K
the power α = 1.53 was found while at high tempera-
tures T & 83 K a more rapid decay of J was observed.21
Our results presented in Fig. 3(b) are consistent with the
published data. For example, for sample Y2 in self-field
for T & 40 K we obtained α = 1.52. The range in which
a rapid decay of J is observed shifts to lower tempera-
tures in external field. Thus we conclude again that our
results well agree with published data.
The exponential decay J ∝ exp(−T/T0) was ob-
served at T < 50–60 K in HTSC single crystals,67–70
YBa2Cu3O7−δ films22,23,62 and 2G-tapes.9 Such behavior
was attributed to oxygen vacancies acting as weak pin-
ning centers. The scaling temperature depends on field,
for example T0 = 25–32 K in self-field
9,23 and T0 = 17–
25 K in H = 1–200 kOe.9,23,62 Both increase9 and
decrease9,23 of T0 was observed in lower fields. As shown
in Fig. 3(c), our results are in good agreement again
with published temperatures. In the range T < 60 K
we obtained T0 = 33, 23.5 K for self-field and 17 K for
H = 910 Oe.
Studying magnetization of solidified YBa2Cu3O7−δ-
Y2BaCuO5 composites Mart´ınez et al.
70 in the range
40 K 6 T 6 80 K found the dependence J ∝
exp[−3(T/T ∗)2] caused by strong pinning on nonsuper-
conducting Y2BaCuO5 precipitates. Here T
∗ is a char-
acteristic temperature. Authors also concluded that at
low temperatures both weak and strong pinning centers
were effective.70 Following this conclusion Plain et al.71
proposed the approximation
J = Jw exp(−T/Tw) + Js exp
[−3(T/Ts)2] (1)
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FIG. 3. (Color online) Temperature dependences of the current density of YBa2Cu3O7−δ films in different scales. The curves
for sample Y2 are shifted (multiplied by factor 2) to avoid a crossing with ones for sample Y1. Symbols: J(T ) obtained after
relaxation for 1 hour in self-field (triangles) and in field of 910 Oe (squares). Curves with small dots were measured in self-field
under warming the samples at sweep rate of 5 K/min. Panel a: The lines are approximations J ∝ (1 − T/Tc)α with α = 2.2
(solid), 1.2 (dashed) and 1.55 (dash-dotted). Panel b: Solid line is an approximation J ∝ τα− with α = 1.52. Dashed and
dash-dotted lines are calculated for strong pinning on large Jc ∝ τ3/2− τ1/2+ and small Jc ∝ τ5/2− τ−1/2+ defects.64 Panel c: Dashed
lines are fits by J ∝ e−T/T0 with T0 = 33, 23.5 K for Y2, Y1 in self-field and T0 = 17 K for H = 910 Oe. Solid lines are fits
by the dependence (2): Tw = 18, 24 K for Y1, Y2 and Ts = 52 K for both samples in self-field; Tw = 14 K and Ts = 43 K for
H = 910 Oe.
for the current in YBa2Cu3O7−δ films. Here w and s
mark the current components produced by weak and
strong pinning. This expression extends the range of the
exponential approximation for J(T ) to T . 75 K. The
temperatures Tw = 8–13 K, Ts = 78–93 K were found for
YBa2Cu3O7−δ films.24–26
The dependence Jc ∝ exp[−3(T/T ∗)2] was calcu-
lated in theory of strong pinning on columnar pins
(line correlated disorder).6 We found that the current
Jc ∝ (T/T ∗)2 exp
[−(T/T ∗)3], calculated for compact
pins (point correlated disorder),5 gives a better approx-
imation for standard YBa2Cu3O7−δ films. As shown in
Fig. 3(c), in the range T . 75 K the J(T ) curves are well
fitted by the dependence
Jc = Jw exp(−T/Tw) + Js
(
T
Ts
)2
exp
[−(T/Ts)3] . (2)
We obtained Tw = 18 and 24 K and Ts = 52 K in self-
field. Approximation of the curves by Eq. (1) gave lower
Tw = 8–10 K and higher Ts = 85–93 K values which
excellently agree again with published data.
The above analysis confirms validity of all proposed
earlier approximations for J(T ) for our samples in re-
stricted temperature ranges. The common features of
this behavior are a slow quasi exponential decay at low
temperatures and a more rapid power-law decay at high
ones. We assumed that at least two components are
needed to describe J(T ) in the whole temperature range.
Thermal fluctuations must also be taken into account at
high temperatures since they reduce the effective pin-
ning strength and lead to depinning of vortices at some
temperature Tdp which is less than Tc.
3,72 Above the de-
pinning temperature Tdp the critical state is destroyed,
the persistent current disappears and its relaxation rate
becomes zero. We supposed that in vicinity of Tdp the
current depends on difference (Tdp − T ) or its powers
and found the depinning temperatures for our samples
to check this point.
The relaxation rate R ≡ |dJ/d ln t| for our films is
presented in Fig. 4. R(T ) curves demonstrate a well-
known maximum at low temperatures7 behind which
they smoothly decrease down to zero. We found that
above 30 K the rate is well fitted by the dependence
R = R lnβ(Tdp/T ). To obtain the fitting parameters R,
Tdp and β we plotted R vs ln(Tdp/T ) in logarithmic scales
and varied Tdp to straighten the curves as shown in insets
of Fig. 4. Then R and β were got as shifts and inclina-
tion factors of the fitting lines. Obtained values of Tdp
and β slightly depend on magnetic field. For sample Y1
we found Tdp = 84.5 ± 0.5 K, β = 1.2 ± 0.1 in self-field
and Tdp = 84 ± 0.5 K, β = 1.4 ± 0.1 for H = 910 and
1530 Oe. For sample Y2 the same Tdp = 88± 0.5 K and
β = 1.0±0.05 were found for all fields. The obtained de-
pinning temperatures are presented in Table I. While the
critical temperatures are of the same order for all sam-
ples, their Tdp strongly differ. For example, Tdp ' TMc
for sample Y2 but TMc − Tdp ' 14 K for Y4. To be sure
in Tdp evaluation we checked their maximal and mini-
mal values by direct measurements of the magnetization
thermal hysteresis.72
M(T ) curves measured in field of 910 Oe for samples
Y4 and Y2 are presented in Fig. 5. The data were ob-
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FIG. 4. (Color online) |dJ/d ln t| vs T for YBa2Cu3O7−δ
films obtained after relaxation for 1 hour in fields of 1530 Oe
(pentagons and triangles down), 910 Oe (squares and dia-
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scales. See text for details.
-2
-1.5
-1
-0.5
0
70 80 90
M
  
(1
0
-4
 e
m
u
) 
 
T  (K) 
Tdp Tc
 M
FC
ZFC
Y4
-6
-3
 0
M
  (
1
0
-5
 e
m
u
) 
Tdp
ZFC
FC
Y2
FIG. 5. (Color online) M(T ) measured in field of 910 Oe un-
der warming (ZFC) and cooling (FC) of samples Y4 and Y2
(inset). Dashed lines mark depinning and critical tempera-
tures. To avoid a faulty hysteresis59 the low sweep rate of
3 K/min was used in measurements.
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films. Dashed lines are fits by Eq. (3). The curves in bottom
panel were measured in field of 910 Oe for samples Y1–Y3
and 1530 Oe for Y4. See Fig. 7, 8 for α and Tdp values.
tained after ZFC procedure under warming and subse-
quent cooling of samples in field of 910 Oe. A thermal
hysteresis caused by pinning of vortices is observed below
the depinning temperature in Fig. 5. A reversible mag-
netization is distinctly seen above Tdp up to the critical
temperature TMc for sample Y4 while for Y2 it is indis-
cernible because of small difference between Tdp and T
M
c .
The measured depinning temperatures coincide with Tdp
obtained by fit of R(T ) dependences.
Taking obtained Tdp we found that at high tempera-
tures the current density follows the power law
J2 = J2(0)(1− T/Tdp)α, (3)
therefore we plotted J vs 1−T/Tdp in logarithmic scales
and additionally fit Tdp as it was done for the relaxation
rate. Tdp obtained by R(T ) and J(T ) fits mostly coin-
cided or differed in the error range of 0.5 K.
J vs 1−T/Tdp dependences are shown in Fig. 6 in log-
arithmic scales. The curves demonstrate a pronounced
linear part at high temperatures. Top panel of Fig. 6
shows that the curve obtained in self-field differs from
ones measured in external fields which are quite similar.
The curves obtained in fields of 910 and 1530 Oe for sam-
ple Y1 are approximated by the same Tdp = 84 K, dif-
ference of α ' 2± 0.1 is within the error and only J2(0)
values differ by 19% (see Fig. 7). In the self-field the
current demonstrates a weaker temperature dependence
with α = 1.3± 0.1 and slightly higher Tdp = 84.5 K.
Analyzing J(T ) obtained for different samples we
found that Tdp and α values do not correlate with each
other, at the same time the higher current densities J2(0)
correspond to the lower powers α (see Fig. 8). It can be
seen in bottom panel of Fig. 6 where the curves measured
in external field are presented for all samples. For exam-
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FIG. 7. (Color online) Temperature dependences of the cur-
rent density of the YBa2Cu3O7−δ film (sample Y1) in differ-
ent magnetic fields. Top: current components J1 = J − J2
(left) and J2 = J − J1 (right). Dashed lines are fits by de-
pendences (3) and (4). Bottom: Curves J(T ) are shown in
standard and semilogarithmic scales in order to bring out
both low and high temperature behavior of J . The curves
are shifted (multiplied by shown factors) to avoid a crowding.
Continuous lines are sums of fitting curves presented in top
panels.
ple, for samples Y1 and Y4 the fitting lines demonstrate
the same inclination α = 2.0± 0.1, but Tdp differ by 9 K
(see Table I and Fig. 8).
Below 30 K the measured current deviates from the
power law (3). Following to Ovchinnikov and Ivlev39 we
supposed that the current consists of two components
and subtracted the dependence (3) from the experimen-
tal data to analyze a low-temperature behavior. Results
of subtraction are shown in left top panels of Figures 7
and 8. As seen, the current J1 = J−J2 strongly changes
in the range T . 30 K. At low temperatures J1(T ) de-
pendence moderates and above 20 K the current grad-
ually falls down to zero at T ∼ 40 K. We found that
low-temperature component of the current can be ap-
proximated by an empiric dependence
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FIG. 8. (Color online) Temperature dependences of the cur-
rent density of YBa2Cu3O7−δ films in magnetic field of 910 Oe
for samples Y1-Y3 and 1530 Oe for Y4. Top: current com-
ponents J1 = J − J2 (left) and J2 = J − J1 (right). Dashed
lines are fits by dependences (3) and (4). Bottom: Curves
J(T ) are shown in standard and semilogarithmic scales in or-
der to bring out both low and high temperature behavior of
J . The curves are shifted (multiplied by shown factors) to
avoid a crossing. Continuous lines are sums of fitting curves
presented in top panels.
J1 =
J∗1
1 + exp(T/T1)/2T1
, (4)
where the parameter T1 is in Kelvins in the exponent
power and dimensionless in its divisor. As seen in Fig-
ures 7 and 8 the exponential law (4) well fits J1(T ) depen-
dences. In low field the parameter J∗1 is field-independent
and T1 slightly decreases with H (see left top panel in
Fig. 7).
The current component J2 = J − J1 is also plotted for
comparison in right top panels of Figures 7 and 8. The
ratio of the components J1 and J2 is sample dependent
and changes with temperature. For example, J2 > J1 at
all temperatures for samples Y2 and Y3 while J1 becomes
more than J2 for Y1 and Y4 at low temperatures. The
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FIG. 9. (Color online) |d ln J/d ln t| vs T for YBa2Cu3O7−δ
films obtained after relaxation during 1 hour in field of 910 Oe
(1530 Oe for sample Y4). Crosses are data by Fruchter et al.33
obtained in the range 0.09 K ≤ T ≤ 0.9 K at H = 2 kOe.
ratio determines temperature behavior of total current.
Though J is higher in samples Y2 and Y3 at elevated
temperatures, at T . 15 K it becomes higher in Y1 and
Y4 because of rapid increase of large J1 component.
J(T ) curves and sum of J1(T ) and J2(T ) fits are pre-
sented in bottom panels of Figures 7 and 8. As seen,
the current change by about three orders of magnitude is
well approximated. Thus analysis of the separated cur-
rent components allows us empirically describe J(T ) at
all temperatures.
IV. DISCUSSION
Let us consider a relation between the components and
relaxation of the current. Comparison of the relaxation
rates R(T ) with J1 components in Figs. 4 and 8 demon-
strates a correlation: the larger J1 the larger R(T ) max-
ima. J1 rapidly decays with both time and temperature
therefore it is evidently produced by weak pinning on
point defects having a small pinning energy.
The normalized relaxation rate S ≡ R/J vs T is plot-
ted in Fig. 9. At low temperatures S rises due to R in-
crease and J decrease. When temperature rises R passes
though maximum and then decreases. Since J also de-
creases, the well known S(T ) plateau7 is observed. At
elevated temperatures J decreases more rapidly than R
so S rises again.
Before the plateau a maximum of S(T ) is often ob-
served for YBa2Cu3O7−δ films11,32 in the temperature
range where the J1 component exists. As seen in Figs. 8
and 9, the S(T ) peak is pronounced for sample Y4 hav-
ing large J1 and small J2 but it is absent for sample Y3
having an inverse ratio of the components. Therefore
we suppose that the peak is caused by fast relaxation
of the J1 component. Because of field suppression of
both R and J2 (see Figs. 4 and 7), value of S ' R/J2
at the plateau depends on H and proves to be small-
est in self-field. At the same time, H slightly affects J1
and amplitude of R(T ) maximum therefore field influence
on S(T ) = R/(J1 + J2) is reduced in the temperature
range of the peak location. As a result, the peak is more
pronounced in self-field as illustrated in bottom panel of
Fig. 9.
In Ref. 11 the peak was attributed to a synergetic
combination of two types of pinning centers present in
the films, namely artificial columnar BaZrO3 inclusions
aligned along c axis and the Y2O3 nanoparticles horizon-
tally aligned in ab plane. There are no artificial inclusions
in our films. As discussed below, pinning in our sam-
ples is apparently produced by the Y2O3 participates and
oxygen vacancies. Therefore we suppose that the S(T )
peak is caused by combination of these pinning centers
inherent to YBa2Cu3O7−δ films.
As seen in Figures 4 and 9, the relaxation rates R and
S extrapolated to zero temperature don’t vanish. The
extrapolated S well agrees with the value obtained for
YBa2Cu3O7−δ single crystal at T < 1 K.33 The nonzero
rate is caused by the quantum tunneling of vortices which
occurs in layered superconductors.3,7 In YBa2Cu3O7−δ
films the quantum creep affects vortices dynamics at tem-
peratures up to 5 − 10 K.34–36 Precise torque measure-
ments of YBa2Cu3O7−δ single crystal, which revealed a
crossover to two-dimensional superconducting behavior
at T < 80 K,37 as well as the quantum creep testify
importance of layered structure for superconductivity in
YBa2Cu3O7−δ.
Let’s consider now the theoretical basis for two-
component current in YBa2Cu3O7−δ films. In Appendix
we reduced the general solution of OI theory39 for the
case of magnetic field applied normally to the supercon-
ducting planes and calculated the critical current density
Jc = Jc1 + Jc2,
Jc1 = Jp
[
1− exp
{
−a1 (Jp/J0)
5/4nps
5/4ξ3/4
[ε2b ln(1/b)]5/8
}]
, (5)
Jc2 = a2J0
(Fv/ε0)
9/4nvξ
3
[ε2b ln(1/b)]5/8
, (6)
J0 = J0(0)τ
3/2
− τ
1/2
+ , b = ξ
2B/Φ0,
J0(0) =
cΦ0
12
√
3pi2ξ0λ20
' 300 MA/cm2.
The current component Jc1 is produced by pinning in
the superconducting layers. Here Jp ≡ cFp/Φ0s is the
characteristic in-plane current density, Fp and np are val-
ues of maximal pinning force and concentration of point
pinning centers, s is a distance between the planes, Φ0
is the magnetic flux quantum, and a1 = 0.5203 is the
numerical factor. The component Jc2 is caused by an
anisotropic pinning in the superconductor volume. Here
9Fv and nv are values of maximal pinning force and con-
centration of pinning centers, ε0 = (Φ0/4piλ)
2 determines
the self-energy of the vortex-lines, and a2 = 0.9273 is the
numerical factor. Both components depend on the de-
pairing current density J0 (A.5), dimensionless reduced
magnetic field b and the anisotropy parameter ε. Using
λ0 = 1400 A˚,
73,74 ξ0 = 17.2 A˚
75 we estimated J0 at T = 0
for YBa2Cu3O7−δ.
As mentioned above, the field dependence of the J1
component of the measured current is weak. For ex-
ample, at T = 0 for sample Y1 we obtained the same
value J1(0) = 8.0 MA/cm
2 with accuracy of 0.6% for
all fields. Let us estimate Jc1 from its field depen-
dence using the ratio Jc1(B1)/Jc1(B2) . 1.01 of the
order of J1(0) uncertainty for fields B1 = 910 G and
B2 = 1530 G. From (5) we obtained Jc1(B1)/Jc1(B2) =
{1 − exp[−xf(b1)]}/{1 − exp[−xf(b2)]} where f(b) =
[b ln(1/b)]−5/8 and x = a1npξ2(sJp/εξJ0)5/4. Taking
the above ratio we calculated x & 0.0851. For oxy-
gen deficiency δ & 0.03 in our films the concentration
of randomly distributed vacancies in CuO2 planes is es-
timated as np = (4/7)δ/ab ' 1.15 · 10−3 A˚−2 where
a ' 3.82 A˚ and b ' 3.89 A˚ are the orthorhombic lat-
tice cell parameters.76 Two distances separate pairs of
CuO2 planes in YBa2Cu3O7−δ: the intra-pair distance
sp = 3.37 A˚ and the inter-pair one of 8.32 A˚.
76 Using
s = 8.32 A˚ and ε = 1/6.5 (Ref. 77) we estimated lower
limits for both the ratio Jp/J0 & 0.177 and the current
Jc1 & 53 MA at T = 0.
As follows from the estimation, a weak field depen-
dence of Jc1 is realized for large currents which are much
more than J1(0). Jc1 is really more than J1 due to the
quantum creep, but at T → 0 the relaxation rate is small
(see Fig. 9) and a difference between Jc1(0) and J1(0)
must also be small. Thus the field dependence of Jc1
following from expression (5) contradicts to that of J1.
The failure is caused by high concentration of defects in
the CuO2 planes. Since a number of defects per square
of vortex core exceeds unity, Np ' piξ2np ' 1.07, the
core contains a defect at any site. In such conditions
only fluctuations of defect density pin vortices and the
pinning becomes collective3,38 while expression (5) is ob-
tained for strong pinning.
In the case of the collective pinning the current is inde-
pendent of field in the single-vortex pinning regime which
is realized if s < Lcc < εa0. In magnetic field directed
along the c axis a length of the collective pinning segment
for YBa2Cu3O7−δ is estimated as Lcc ' 10εξ0 ' 26.5 A˚.3
Both an inter-vortex distance a0 ' (2Φ0/
√
3B)1/2 &
1100 A˚ and its product εa & 170 A˚ exceeded Lcc in our
experiments so conditions for field independence of the
current were fulfilled. Therefore we suppose that in-plane
pinning is produced by the collective action of oxygen va-
cancies. Let us compare J1 with Jc obtained in CP theory
for a layered superconductor.
In field applied along normal to superconducting
planes the critical current coincides for layered and
anisotropic superconductors. For single vortex collective
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FIG. 10. (Color online) J1(T ) obtained in self-field for sample
Y1 (triangles) and its approximations by Eq. (4) — dashed
line, J inc Eq. (11) — continuous lines (left for β = 0.62 and
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pinning and dash-dotted lines for δ` pinning. The currents are
magnified in inset to illustrate Jcc (T ) following from Eqs. (9).
pinning it is expressed as3
Jcc = J0
[
δm
ε
]2/3
= J0(0)
[
δm(0)
ε
]2/3
τ
−1/2
+ τ
5/2
− δ` pin.(7a)
Jcc = J0
[
δα
ε
]2/3
= J0(0)
[
δα(0)
ε
]2/3
τ
5/6
+ τ
7/6
− δTc pin. (7b)
The dimensionless pinning parameters for oxygen va-
cancies in YBa2Cu3O7−δ are estimated as δm(0)/ε '
(0.2− 1)10−2 for δ` pinning and δα(0)/ε ' 10−3 for δTc
pinning,3 and the corresponding currents are Jcc (0) '
(5 − 14) MA/cm2 and Jcc (0) ' 3 MA/cm2. The depen-
dence J1(T ) obtained in self-field for sample Y1 as well
as fitting curves for Eqs. (7) are presented in Fig. 10. As
seen J1(T ) disagree with J
c
c (T ) curves, moreover for δTc
pinning the current Jcc (0) is about two times lower than
J1(0).
Eqs. (7) does not take into account thermal fluc-
tuations suppressing the critical current at high
temperatures3
Jcc =
c(kBT )
2
Φ0ε0ξ3
exp
[
− 3w
2δα,m
(
kBT
ε0ξ
)3]
. (8)
Here w is a factor of the order of unity. Selecting tem-
10
perature dependences of quantities65 we write
Jcc = J
c
c (0)
τ2τ
1/2
−
τ
5/2
+
exp
[
−3w
2
(
T
T ∗
)3
1
f cc (T )
]
, (9)
f cc (T ) =
{
τ3+τ
3
− for δ` pinning,
τ5+τ− for δTc pinning,
Jcc (0) =
3
√
3
4
J0(0)
[
kBTc
ε0(0)ξ0
]2
' 1.07 MA/cm2,
T ∗ =
ε0(0)ξ0δ
1/3
α,m(0)
kB
'
{
(198− 116) K δ` pin.,
92 K δTc pin.
Due to fluctuations the current is strongly suppressed at
temperatures above the depinning temperature which is
calculated from the equation T 3dp = T
∗3f cc (Tdp).
3 The
temperatures Tdp ' 89 K and 71–79 K calculated for δTc
and δ` pinning are considerably higher than tempera-
tures at which J1 disappears. In Fig. 10 dependences (9)
are shown. As seen, a magnitude of J1(T ) a lot more
than maximal values of Jcc (T ) and the curves lie in differ-
ent temperature ranges. Thus we conclude that neither
Eqs. (7) nor (9) describe J1 component of the measured
current.
In magnetic field parallel to a superconducting lay-
ers the intrinsic pinning takes place in a layered
superconductor.3,78,79 Kinks of vortices80,81 also lead to
the intrinsic pinning. Though our experiments were per-
formed in a transverse field, a demagnetizing effect, which
was strong because of low fields and large demagnetiz-
ing factor of films, produced a tangential component of
field82 directed along superconducting layers in the films.
Therefore the critical current produced by the intrinsic
pinning should be also considered. Its temperature de-
pendence has the form3,79
J inc = J0
(
8εξ
s
)2(
1− B
Bc2
)
exp
[
−8
(
εξ
s
)2]
. (10)
Neglecting the field dependence, since B  Bc2 in our
experiments, we write it as
J inc = 64βJ0(0)τ
3/2
+ τ
1/2
− exp[−8βτ+/τ−], (11)
β = (εξ0/s)
2 = 0.62− 0.1.
Here we estimated β for the above mentioned distances
between CuO2 planes. J
in
c (T ) curves calculated for
β = 0.62 and 0.1 and normalized by factors 0.094 and
0.0092 respectively are presented in Fig. 10. While quasi-
exponential shape of J inc (T ) is more appropriate to J1(T ),
the intrinsic current decreases more slowly and disap-
pears at higher temperatures. In addition at low tem-
peratures J inc is one or two orders more than J1.
Summing up we conclude that J1 component of the
current is caused by the collective pinning of vortices
on oxygen vacancies in the single vortex pinning regime.
However we failed to find an appropriate approximation
for J1(T ) in the frame of CP theory. Apparently, because
of smallness of pinning energy, J1 rapidly relaxes and its
temperature dependence is strongly affected by creep.
Turning to volume pinning we begin with a remark
about pinning on the dislocations. In EDP model14 the
critical current depends on an average size of the crystal-
lites, i. e. CDB size in the diffraction experiments, as well
as on a misorientation angle ω between them.42 As seen in
Table I, in our samples the CDB size changes by one order
and the angle ω varies almost seven times, but these pa-
rameters do not correlate with J2. Despite absence of the
correlation, we compare below J2(T ) with Jc(T ) calcu-
lated for pinning on both non-superconducting inclusions
and the edge dislocations for analysis to be comprehen-
sive.
In low fields the critical current of YBa2Cu3O7−δ films
is independent of field.10,12,19,21,23,64
The field-independent current produced by pinning on
the edge dislocations is calculated as14
Jcd(T, 0) ' 3
√
3
16
√
2
cε0
Φ0
r2d
ξ3
= J0cd
(
rd
ξ0
)2 τ5/2−
τ
1/2
+
, (12)
J0cd =
27
64
√
2
J0(0) = 89.5 MA/cm
2
,
where rd is the radius of dislocation normal core. De-
pendences J2(T ) obtained in self-field and their fits by
Eqs. (12) are presented in Fig. 11. From the fits we
obtained rd ' 4.6, 5.0, 5.3 and 4.6 A˚ respectively for
samples Y1–Y4. Eq. (12) provides the same tempera-
ture dependence for all samples scaled by rd values while
J2(T ) curves differ for different samples. The dependence
Jcd(T, 0) satisfactory approximates J2(T ) only for sample
Y1 while for other ones a discrepancy of the fitting curves
and the experimental data is clearly seen at T/Tc & 0.5.
The field-independent current caused by pinning on
inclusions19
Jci(T, 0) ' 3J0
4
√
3ni
piε2
(
Fiξ
ε0
)3/2
depends on inclusion density ni and the pinning force Fi
approximated as3,19
Fiξ
ε0
' Diz
4
F(T, di),
F(T, di) = ln
(
1 +
D2i
2ξ2
)
= ln
(
1 +
d2i τ−
2τ+
)
.
(13)
Here Di is an average extent of an inclusion, Diz is its
extent along the field direction and di = Di/ξ0. Select-
ing temperature dependences of quantities we write the
current in the form
Jci(T, 0) ' J0ci[F(T, di)τ−]3/2τ1/2+ , (14)
J0ci '
3
√
3
32
√
pi
J0(0)
ε
√
niD3iz '
√
niD3iz · 179 MA/cm2.
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FIG. 11. (Color online) Top: J2(T ) for YBa2Cu3O7−δ films
obtained in self-field. Experimental curve for sample Y4 was
recorded under warming of film right after magnetic field
removing. Dotted and continuous lines are fits by depen-
dences (12) and (14). Bottom: Scaled J2(T ) dependences
obtained in fields 1530 Oe (triangles) and 910 Oe (other
symbols). Dashed and dash-dotted lines are fits by depen-
dences (17) and (15). The curves are shifted (multiplied by
shown factors) to avoid a crossing. See text for details.
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J2(T ) curves were fitted by the dependence (14) via
parameters J0ci and Di. The currents J
0
ci = 2.7, 1.1 0.88
and 25 MA/cm2 were respectively obtained for samples
Y1–Y4. Di values are presented in Table I. The fitting
curves shown in Fig. 11 well agree with J2(T ) for samples
Y1 and Y3 though for Y1 the measured current decays
more slowly at T/Tc & 0.75. For sample Y4 the measured
and fitting curves coincide up to T ∼ Tdp.
Thus pinning on inclusions well describes J2(T ) of
YBa2Cu3O7−δ films in self-field. Interaction of vortices
suppresses the critical current when a vortex density
n˜ ' B/Φ0 increases. Let us proceed with analysis of
field dependence of Jc2 which is determined by the func-
tion f = [b ln(1/b)]−5/8, see Eq. (6). Because of large Bc2
in YBa2Cu3O7−δ the parameter b = B/2piBc2 is small.
In Figure 12 we plotted b(T ) for B = 2 kG exceeding
maximum field in our experiments. As seen, b is less
than 0.005 for T/Tc . 0.95. In the inset of Fig. 12 the
function f is plotted in the range up to b = 1/2pi corre-
sponding to B = Bc2. For small b it follows a power law
and in the range 10−4 ≤ b ≤ 0.005 is approximated as
f = 0.5552 · b−0.537 with the accuracy of ±1.2%. The de-
pendence J ∝ B−α with α ' 0.4–0.8 was often observed
for YBa2Cu3O7−δ films10,12,19,21,23,52,64 and 2G-tapes.9
As seen in Fig. 12, at b & 0.01 the function f(b) mod-
erates and should be approximated by f ∝ b−α with a
lower α. However strengthening J(B) dependence in high
fields was reliably established for YBa2Cu3O7−δ films in
numerous experiments.11,12,19–21,23,28,64 Expression (6) is
valid only if the lateral displacement of the vortex lines
u0 is small in comparison with the inter-vortex distance
a0. In high fields when a0 ∝ B−1/2 becomes larger than
u0 a more strong suppression of the current Jc2 ∝ B−1
is expected.19
According to Eq. (6) the curves Jc2[b ln(1/b)]
5/8 should
be independent of field. Indeed, as seen in bottom
Fig. 11, the data obtained for samples Y1 and Y2 in
different fields are joined into common curves under such
scaling. Therefore we compare Jc(T,B)[b ln(1/b)]
5/8 de-
pendences with the scaled data collected for different
fields.
In the EDP model the field-dependent critical
current14
Jcd(T,B) = Jcd(T, 0)
n˜p
n˜
, (15)
n˜p(T,B)
n˜(B)
= 1− [Γ(ν, η)− ηΓ(ν − 1, η)]
2
Γ2(ν)
,
ν =
[ 〈L〉
σ
]2
, η(T,B) =
rd
〈L〉
2ν
ξ0
√
Φ0
B
τ−
τ+
, (16)
is determined by a relative number of pinned vortices
n˜p/n˜ expressed via complete and incomplete Euler’s
gamma functions Γ(x) and Γ(x, y).83 Here σ is the dis-
persion of the crystallite size distribution function around
the mean value 〈L〉.
The scaled currents were fitted by
Jcd(T,B)[b ln(1/b)]
5/8 via Jcd(0, 0), ν and η using
B = 910 G as parameter. The fitting curves, shown
in bottom Fig. 11, agree with experimental data for
samples Y1–Y3 though a systematic deviation to a lower
current is observed at low temperatures. At the same
time the fit badly approximates data for sample Y4.
From the fit we obtained η ' 2 for all samples, ν ' 7
for Y2, Y3 and ν ' 1 for Y1, Y4. Then from (16) for
B = 910 G the ratio rd/〈L〉 was estimated as 1.1 · 10−2
for samples Y2, Y3 and 1.6 · 10−3 for Y1,Y4. From
12
Jcd(0, 0) values we calculated rd and then obtained 〈L〉
presented in Table I. As seen, the fit gives a correct
order for rd and 〈L〉 values, however lengths 〈L〉 does
not correlate with average sizes of crystallites CDB
obtained in the diffraction experiments. Neither rd
nor 〈L〉 correlate with the measured current J or its
components.
For pinning on inclusions the field-dependent current
calculated from Eqs. (6) and (13) takes the form84
Jci(T,B) ' J
B
ci
[b ln(1/b)]5/8
F(T, di), (17a)
F(T, di) = ln
9/4
(
1 +
d2i τ−
2τ+
)
τ
9/8
− τ
7/8
+ , (17b)
JBci =
33/4J0(0)niD
9/4
iz ξ
3/4
0
16 · 23/4pi5/8ε5/4 ' niD
9/4
iz ξ
3/4
0 · 129 MA/cm2,
The scaled currents were fitted by the dependence
JBciF(T, di) via J
B
ci and Di. Since size of inclusions is
independent of field, we used the same Di to fit J2
by both (14) and (17). An effective density of inclu-
sions nid
9/4
iz = ni(Diz/ξ0)
9/4 was calculated from JBci val-
ues. The fitting curves JBciF(T, di), presented in bottom
Fig. 11, agree with experimental data for all samples.
ObtainedDi and nid
9/4
iz values are presented in Table I.
The average extent of inclusions Di varying in the range
2 − 14 nm well agrees with size of Y2O3 precipitates in
YBa2Cu3O7−δ films.15–18 Di and nid
9/4
iz values correlate
with J2 component of the current. The larger inclusion
extent the more J2. For inclusions with the same Di
the current rises with increase of the effective inclusion
density nid
9/4
iz .
As follows form Eqs. (14) and (17), the extent of in-
clusion along the field direction can be obtained from the
ratio (J0ci)
2/JBci = (Diz/ξ0)
3/4 · 248 A/cm2. Then ni is
simply calculated from JBci or J
0
ci. Values of Diz and ni
found in such a procedure are presented in Table I.
Parameters of pinning centers obtained for our films
well agree with Di = 15 nm and ni = (1− 3) · 1015 cm−3
found in magnetic experiments in Ref. 19. At the same
time a lower density of inclusions was found in direct
measurements by means of the electron microscopy.15–18
Among microstructure defects in YBa2Cu3O7−δ
films10,17,18 the precipitates15–18 [001]-Y203 and [110]-
Y203 have dimensions close to our estimations of Di.
The [110]-Y203 precipitates are small cubes or rectan-
gles with sides ranging from 3 to 5 nm.18 The [001]-Y203
precipitates have extension of 10 to 20 nm in the ab-plane
and about 6 to 8 nm along the c axis.15–18 There are no
data on density and shape of inclusions with size smaller
than 2 nm since such small inclusions are hard to recog-
nize even in high-resolution electron microscopy (HREM)
micrographs.17,18 Our results for sample Y4 demonstrate
presence of such inclusions which we classified as the
[110]-Y203 precipitates. TakingDiz = Di for samples Y1,
Y4 and Diz = 6 nm for Y2, Y4, from the effective den-
sity of inclusions obtained above we estimated densities
n∗i presented in Table I. For samples Y1–Y3 estimated
n∗i values are only twice less than that observed by direct
HREM method in laser-deposited YBa2Cu3O7−δ films.18
Since a density of Y203 precipitates depends on both
method and conditions of the deposition process10,11,17,18
such agreement seems quite satisfactory. Note also that
the measured relaxed persistent current is less than Jc so
a lower limit for the inclusion densities was estimated in
our experiment.
Summing up we conclude that the J2 component of
the measured current is well described by pinning on the
Y203 inclusions. The pinning is strong and its efficiency
rises with increase of inclusions size.
V. SUMMARY
In this paper we confirmed experimentally that the
critical current of laser-deposited YBa2Cu3O7−δ films
consists of two components caused by in-plane pinning
of vortices by oxygen vacancies in superconducting CuO2
planes and by anisotropic pinning on the Y203 precip-
itates in the superconductor volume.39 We proposed a
simple method to separate the current components and
found their temperature dependences (3) and (4). Anal-
ysis of the current components led us to the following
conclusions.
The component produced by the in-plane pinning is
described as single-vortex collective pinning however we
failed to find an appropriate theoretical dependence to
approximate its temperature behavior. This component
slightly depends on field and rapidly relaxes. The in-
plane pinning is substantial only at low temperatures T .
30 K but in this temperature range its contribution into
the critical current and vortices dynamics should not be
neglected.
The component produced by the volume pinning is well
described in the frame of OI theory39 further developed
by van der Beek et al.19 We confirmed that in laser-
deposited YBa2Cu3O7−δ films the strong anisotropic vol-
ume pinning is produced by the nano-size Y2O3 precip-
itates. Varying inclusion sizes in different films causes
difference in the depinning temperatures and parameters
of J(T ) dependence. Rather low magnetic field of about
1 kOe applied normally to the film plane affects this cur-
rent component.
Different ratio of the current components and varia-
tion of size of the Y2O3 inclusions lead to a wide variety
of J(T ) dependences in standard YBa2Cu3O7−δ films.
Addition of artificial defects further complicates J(T,B)
behavior. Nevertheless films produced by different tech-
niques demonstrate some common features discussed in
beginning Sec. III.
While in-plane and volume defects act simultaneously
and provide additive components of the current, combin-
ing several types of volume defects is not simply additive.
Therefore engineering the pinning landscape in 2G/3G-
tapes is a very complex problem.10,11 We hope that sep-
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aration and correct analysis of the additive components
demonstrating strongly different temperature, field and
angle behavior help in solving this actual problem.
Appendix
An inhomogeneous layered superconductor with an
axial anisotropy and the mass anisotropy ratio ε2 =
m/M = λ/λc was considered by Ovchinnikov and
Ivlev.39 Here m and λ are the effective mass of carri-
ers and the penetration depth in isotropic superconduct-
ing planes and M, λc are the corresponding parameters
along normal to the planes. General case of magnetic
field B applied along the direction forming an angle θ
with the planes was analyzed and the critical current
density was calculated. We simplify the results obtained
by Ovchinnikov and Ivlev for the case θ = pi/2, when
the field is directed normally to the planes, and rewrite
the values in the notations of Ref. 3 commonly used at
present.
As shown by Ovchinnikov and Ivlev, the critical cur-
rent consists of two parts
Jc = Jc1 + Jc2 (A.1)
caused by in-plane pinning on point defects in the super-
conducting planes and by anisotropic pinning of vortices
by “macro-defects” in the superconductor volume.
The anisotropic component of the current is written as
follows39
Jc2 =
cnvF
2
v
Φ0α2
√
xxCxx
[
128Fvξ
3
27
√
yyCyy
]1/4
, (A.2)
where Fv and nv are maximum values of pinning force
and concentration of pinning centers in volume of the su-
perconductor, ξ is the in-plane coherent length, Φ0 is the
magnetic flux quantum. Taking into account the units
~ = c = 1 used by Ovchinnikov and Ivlev39 we multi-
plied the right hand side by the light velocity c. The
function α2 = sin2 θ + ε2 cos2 θ is equal to unity in our
case. The quantities
Cyy = α
2Cxx = Cxx =
Φ0B
8piλ2
=
2pibε0
ξ2
(A.3)
we express via the energy ε0 = (Φ0/4piλ)
2 which deter-
mines the self-energy of the vortex-lines3 and the param-
eter b = ξ2B/Φ0. The quantities xx and yy are written
as
 =
Φ20
8pi2λ2
ln
[ √
αΦ0/B
d cos θ + αξ
]
˜ = ε0 ln(1/b)˜. (A.4)
From bulky but simple expressions for ˜xx(θ, ε) and
˜yy(θ, ε) in Ref. 39 we calculated that in our case ˜xx =
˜yy = ˜ = ε
2/2.
Substituting all obtained values in (A.2), and using
expression for the depairing current density3
J0 =
4
3
√
3
cε0
Φ0ξ
, (A.5)
after simple algebraic transformations we get the
anisotropic component of the critical current density in
the form
Jc2 = a2J0
(
Fv
ε0
)9/4
nvξ
3
[ε2b ln(1/b)]5/8
,
a2 =
33/4
21/4pi5/8
= 0.9373.
(A.6)
The current component caused by the layered structure
of superconductor is written as39
Jc1 =
cFp
Φ0s
1− exp
− npFpsin θ√xxCxx
(
128Fpξ
3
27
√
yyCyy
)1/4
 , (A.7)
where Fp and np are maximum values of pinning force and concentration of pinning centers in the superconducting
planes, s is a distance between the planes. Substituting all values obtained above, taking into account that sin θ = 1
in our case and denoting Jp = cFp/(Φ0s), after simple algebraic transformations we rewrite (A.7) as
Jc1 = Jp
[
1− exp
{
−a1
(
Jp
J0
)5/4
nps
5/4ξ3/4
[ε2b ln(1/b)]5/8
}]
, a1 =
16 · 21/4
9 · (3pi)5/8 = 0.5203. (A.8)
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